Glycyrrhizic acid (GA), belonging to a class of triterpenes, is a conjugate of two molecules, namely glucuronic acid and glycyrrhetinic acid. It is naturally extracted from the roots of licorice plants. With its more common uses in the confectionery and cosmetics industry, GA extends its applications as a herbal medicine for a wide range of ailments. At low appropriate doses, anti-inflammatory, anti-diabetic, antioxidant, anti-tumor, antimicrobial and anti-viral properties have been reported by researchers worldwide. This review summarizes the effects of GA on metabolic syndrome, tumorigenesis, microbes and viruses, oxidative stress, and inflammation, as well as the reported side effects of the drug.
Metabolic syndrome: Metabolic syndrome refers to a variety of disorders that encompass insulin resistance (IR), glucose intolerance, visceral (abdominal or central variant) obesity, dyslipidemia and hypertension. Of these, obesity and insulin resistance are the major factors for causing metabolic syndrome [5] . Studies show that GA helps to improve the condition of metabolic syndrome by acting on the mechanism pathways involved. In the study of Chia and co-workers in 2009 [5] , GA produced a significant decrease in blood glucose and HOMA-IR (homeostasis model of assessment -insulin resistance) in rats given 100mg/kg for 24 hours in comparison with the non-GA treated rats. Moreover, the study of Eu et al. [6] also showed that GA produced a significant decrease in fasting blood glucose and mean serum insulin concentration in obese rats after 28 days of GA treatment. This could be due to the activity of GA on inhibiting 11βhydroxysteroid dehydrogenase type 1 (11β-HSD 1), which in turn decreases the hexose-6-phosphate dehydrogenase (H6PDH) activity and glucocorticoid production. Glucocorticoids plays an important role in the gluconeogenic pathway by activating gene transcriptions of enzymes such as phosphoenolpyruvate carboxykinase (PEPCK), which is involved in converting oxaloacetate into phosphoenolpyruvate and carbon dioxide in the gluconeogenesis pathway, as well as glucose-6-phosphatase (G6Pase) that hydrolyzes glucose-6-phosphate into a phosphate group and free glucose [7] . A decrease in glucocorticoid production directly reduces the production of glucose and, therefore, a seen decrease of glucose level in GA-treated obese rats [8] . The study of Radwan and Aboul-Enein [9] showed that GA was able to help prolong the biological activity of orally given insulin-loaded poly(ethylcyanoacrylate) (PECA) nanospheres, thus suggesting its function as an oral absorption enhancer [9] .
In the study of Chia and coworkers [5] , GA showed significant activity in improving lipid profiles through the up-regulation of the total peroxisome proliferator-activated receptor γ (PPARγ) and lipoprotein-lipase (LPL) expression levels. LPL enzyme encoded by the LPL gene is responsible for lipoprotein metabolism in which it hydrolyzes triacylglyceride (TAG), free fatty acid (FFA) and very low density lipoprotein (VLDL) [6] . The activation of PPARγ promotes a decrease in serum insulin [5] and promotes increased expression of LPL as LPL is a downstream gene that is regulated by the activation of PPARγ [10] . Furthermore, studies indicate that triterpenoids could act as PPAR agonists and GA is hence postulated to restore LPL expression in the insulin resistant state [6, 8] . In this state, the elevated insulin level promotes elevated lipolysis in adipocytes, which release excessive FFA that inhibits the activity of LPL [6] . High circulating FFA enhances hyperglycemia by down-regulating the Randle cycle that decreases the translocation of the insulin-sensitive glucose transporter 4 (GLUT4), and antagonizing the effect of insulin in the liver that promotes hepatic gluconeogenesis [6] . GA's ability to act as a PPARγ agonist, as aforementioned, promotes the expression of the c-Cbl associating protein (CAP), which translocates GLUT4 to the cell surface for glucose disposal. The inhibition of 11β-HSD1 and Insulin secretion is tightly regulated by the pancreatic β-cells in response to the blood glucose level. The components of the glucosesensing proteins in β-cells are the glucose transporter 2 (GLUT2) and enzyme glucokinase (GK). In diabetic patients, both these components of the glucose-sensing protein are found reduced, leading to an impaired glucose threshold for insulin secretion that brings hyperinsulinemia. GA was found to restore both GLUT2 and GK expression that improve the glucose threshold for insulin secretion, which in turn improve hyperinsulinemia [6] . GA shows selective inducement of LPL expression in non-hepatic tissues, and with its coupling effect of the GA-mediated improvement in insulin sensitivity, it is suggested that GA may enhance the condition of dyslipidemia in patients with metabolic syndrome [6, 8] .
Other than the activity mentioned, GA has exhibited HDL-raising ability in high-sucrose fed diets and this suggests its antiartherosclerotic properties [8] . In the paper published by Maurya and Srivastava [11] , GA was shown to down-regulate hepatic mRNA expression, as well as the activity of 3-hydroxy-3-methylglutaryl coenzyme (HMG-CoA) reductase in hamsters fed with a high-fat diet, which indicated the ability of GA in reducing plasma cholesterol. GA administration has consistently shown improvement of the lipid profile, in which it led to a hypotriglyceridemic and high density lipoprotein (HDL)-raising effect, and reduction in serum free fatty acid, total cholesterol and low density lipoprotein (LDL) cholesterol [5, 6, 8] .
With GA's great activity in improving the mentioned metabolic conditions, especially in improving the insulin sensitivity and lipid profile, it is predicted that it could help improve the insulin sensitivity in polycystic ovary syndrome (PCOS) patients. PCOS happens when there is a disruption to the normal menstrual cycle in females, resulting in hyperandrogenism that may cause infertility [12] . Approximately 50% of PCOS women are either overweight or obese and exhibit insulin resistance and, therefore, hyperinsulinemia may play a key role in favoring hyperandrogenism in these women [13] . Hence, GA may have a role in improving the condition in PCOS patients.
As for the effect of GA on hypertension, there are studies which show otherwise. GA was shown to promote sodium retention and potassium excretion that eventually led to hypertension [14] .
Tumor and cancer: An evaluation of the protective effects of GA in UVB radiation-induced skin tumor formation in SKH-1 hairless mice found that GA alleviates UVB radiation-induced tumorigenesis. The mechanism is through the down-regulation of cell proliferation controls encompassing thymine dimer, proliferating-cell nuclear antigen (PCNA), apoptosis and transcription factor -nuclear factor kappa beta (NF-κB), as well as the inflammatory agents cyclooxygenase-2 (COX-2), prostaglandin E 2 (PGE 2 ) and nitric oxide (NO), while up-regulating p53 and p21/Cip1 to protect DNA from damage and promote DNA repair [15] .
The data collected in the study of Chung and coworkers [16] indicated that GA decreased the K m and V max values of Nacetyltransferase (NAT) enzymes from human colon tumor cells in the cellular cytosol assay and the assay conducted using intact colon tumor cell cultures. NAT enzymes are responsible for the metabolism of drugs and carcinogens. They are capable of doing N-acetylation, O-acetylation, and N,O-acetylation that initiate the metabolic activation of arylamins to reactive electrophiles for the onset of carcinogenesis. Inhibitors of NAT enzymes have been suggested for their potential as chemopreventive agents [16] . GA acted as a potential inhibitor of DNA-2-aminofluorene adduct formation, which it is correlated with its cytotoxic and carcinogenic effects, as well as inhibiting NAT activity in human colon tumor cells [16] .
In a later finding, GA was found to selectively inhibit 11βhydroxysteroid dehydrogenase type 2 (11β-HSD 2 ) that was highly expressed in mouse colon adenocarcinoma CT26 cells, which led to the inhibition of corticosterone (CS)-induced inhibition of cyclooxygenase (COX)-2 in the mentioned cells [17] . In the same study, it was shown that GA inhibited COX-2 and microsomal prostaglandin E synthase-1 (mPGES-1) that are highly expressed in human colon carcinoma HCA-7 tumors, and significantly blocked the growth of the tumor [17] .
GA also displayed its inhibitory activity on the lytic replication of herpes viruses, which include the Kaposi sarcoma-associated herpes virus (KSHV). The latent genes in KSHV are responsible for oncogenesis induction. GA disrupts the latent KSHV infection by down-regulating the expression of latency-associated nuclear antigen (LANA) and up-regulating the expression of viral cyclin. Consequently, LANA promoted p53 apoptosis of KSHV-infected cells. Besides, it was also observed that GA terminated the latent infection of KSHV in B lymphocytes [18] .
In the latest investigation conducted by Kaur and co-researchers [19] , GA was tested for its anti-genotoxic potential by using SOS chromotest, and Comet assay on hydrogen peroxide (H 2 O 2 ) and 4nitroquinoline 1-oxide (4NQO). In the SOS chromotest assay, nongenotoxic compounds have scores of <1.5 for the induction factor (IF) and genotoxic compounds scores of >2.0 [19] . The IF score of GA to Escherichia coli (E. coli) PQ37 remained below 1.5, indicating its non-genotoxic effect. H 2 O 2 and 4NQO with genotoxic IF scores were shown to be inhibited by GA as GA decreased the IF score for both by 75.5% and 71.7%, respectively. In the Comet assay, deoxyribonucleic acid (DNA) damage was evaluated in Tail moment, in which a high value indicates the severity of DNA damage. GA significantly reduced the Tail moments induced by H 2 O 2 and 4NQO in human blood lymphocytes by 70.2% and 69.0%, respectively, [19] .
Apart from the aforementioned effect, GA also enhanced antibody dependent cell mediated cytotoxicity (ADCC) and reduced the highly elevated interleukin (IL)-6 in metastatic tumor-bearing C57BL/6 mice [20] .
Antioxidant: Excessive accumulations of free radicals may impose prolonged imbalance between the myocardial oxygen supply and demand of the myocardium, leading to the onset of acute coronary syndrome (ACS). Isoproterenol is one of the common factors causing the imbalance between oxidants and antioxidants in the myocardium. In the study of Haleagrahara et al [21] , GA has been successfully tested to exhibit a positive effect against isoproterenolinduced acute myocardial infarction in rats. At the same time, it has been proven to be a powerful antioxidant that decreases myocardial lipid hydroperoxide and 8-isoprostane levels. Kaur and coworkers [19] also proved that GA exhibited significant di(phenyl)-(2,4,6trinitrophenyl)iminoazanium (DPPH) free radical scavenging activity at the concentration of 120 μm. Oxidative stress and reactive oxygen species (ROS) formation could also be caused by aflatoxin B 1 (AFB 1 ) and GA showed a protective Therapeutic uses of Glycyrrhizic acid Natural Product Communications Vol. 8 (3) 2013 417 effect against aflatoxin-induced oxidative stress that may be another add-on to GA's anticarcinogenic capability [22] . Furthermore, the supramolecular complexes of carotenoids with GA were found to exhibit scavenging activity toward hydroperoxyl (OOH) radicals that was ten times stronger than that of carotenoids alone. This added further valuable information to the oxidative property of GA [23] .
Microbes and viruses:
The antiviral properties of GA have been reported since the 1970s. In the early years, GA was demonstrated to show an inhibitory effect on the growth and cytopathology of vaccinia virus (VV), herpes simplex virus (HSV), Newcastle disease virus (NDV) and vesicular stomatitis virus (VSV), while being ineffective against poliovirus (PV) [24] . GA was found by Pompei and coworkers to inactivate herpes simplex virus particles irreversibly [24] . GA was later shown to exhibit an inhibitory effect on late viral replication steps on both influenza and NDV-infected embryonated hen eggs [25] . GA was also shown by Baba and Shigeta to be effective against varicella-zoster virus (VZV) in vitro [26] , as well as having an inhibitory effect on SARS-coronavirus (SARS-CoV) replication in vitro [27] . Apart from that, GA's derivative, glycyrrhetinic acid, was reported to be active against Epstein-Barr virus (EBV) [28] . GA also showed its antiviral activity by inhibiting the latent genes in KSHV that terminated its latent infection on B-lymphocytes [18] . In a study by Baltina [3] , a chemically-modified GA derivative, known as triterpene glycopeptides, was found to be a potent inhibitor of HIV-1 and HIV-2 in vitro, which suggested GA's ability as an antiviral agent.
As for its antimicrobial properties, Chung [29] showed that GA significantly inhibited NAT activity released by Helicobacter pylori, as well as showing a bactericidal effect on H. pylori cultures.
Inflammation: GA has been proven to possess anti-inflammatory properties in many studies. Recently, Bhattacharjee et al. [30] stated that GA successfully suppressed inflammation in Leishmania donovani infection by inhibiting COX-2-mediated prostaglandin E2 (PGE2) release in L. donovani-infected macrophages. In conjunction with the action of GA in inhibiting the inflammatory agents such as COX-2 and PGE2, Cherng and coworkers [15] proved that GA is able to ameliorate UVB radiation-induced tumorigenesis by down-regulating the above mentioned inflammatory agents to prevent DNA damage and facilitate DNA repair. Apart from that, GA is also able to suppress inflammatory response via the suppression of inflammatory cytokine production. Kao et al. [31] reported that GA showed significant antiinflammatory activity by reducing the cytokine production via the phosphatidylinositol 3-kinase/Akt/glycogen synthase kinase-3-beta (PI3k/Akt/GSK3β) pathways. Besides, licorice extract that contains GA showed effectiveness in alleviating erythema, edema and itching in atopic dermatitis. With this promising result, licorice has been postulated for atopic dermatitis treatment [32] .
Side effects of GA: Individuals who consume large amounts of licorice (a natural source of GA) were reported to have a greater chance of developing adverse side effects. Studies suggest that licorice in high amounts can cause hypermineralocorticoidism with sodium retention and potassium loss, edema, increased blood pressure, cardiac complaints and depression of the reninangiotensin-aldosterone system. At high doses, GA is cytotoxic and can have physiological effects [33] .
The study of Celik and coworkers [34] reported that excessive intake of licorice causes hypokalemia, hypertension and hyperaldosteronism due to the mineralocorticoid-like side effects of GA. GA reversibly inhibits 11β-HSD enzyme that prevents the overstimulation of minerocorticoid tissue by glucocorticoids [14] , resulting in pseudohyperaldosteronism. Besides, thrombocytopenia was also reported in the same study, and the reported symptoms resolved three days after the withdrawal of licorice syrup [34] . In another report conducted by Johns [35a] , daily consumption of licorice candy cigars over a 2-week period led to peripheral edema, increased blood pressure and weight gain in a healthy 49-year old female physician. Resolution of the mentioned symptoms was observed 48 hours after the withdrawal of licorice ingestion [35a] . GA intoxication often leads to fatigue, muscle weakness and chronic hypokalemia, followed by cardiac arrhythmias, fluid retention, rhabdomyolosis and myoglobinuria [35a-b] .
Posterior reversible encephalopathy syndrome (PRES) was reported to be associated with GA overconsumption [36] . A 49-year-old woman was reported to have elevated blood pressure, hypokalemia, mixed metabolic and respiratory alkalosis and PRES due to the overconsumption of licorice. Normalization of blood pressure was observed in the same patient after licorice withdrawal [36] . However, Zhang et al. [37] critically commented on the diagnosis of PRES conducted by van Beers [36] and coworkers, and proposed the possibility of subarachnoid hemorrhage (SAH) as both SAH and PRES share some clinical similarities [37] .
There are many products on the market containing GA, such as herbal teas, root beer, chewing gum, smoking and chewing tobaccos, herbal remedies for cough, stomach ailments and licorice candy. The overconsumption of these products poses a potential risk of GA intoxication [35a,b] . The acceptable daily intake (ADI) of GA is 0.2 mg/kg, which is equivalent to 6 g of licorice per day, taking into account that licorice contains 0.2% of GA [38] .
Despite the reported side effects of GA, its potential for treating various conditions has to be stressed. The current data shows that GA is still in pre-clinical stage testing on animal models and cell cultures. Perhaps with more promising data from researchers worldwide, GA could be proposed for clinical trial to enhance its reliability to be used as a drug for the betterment of mankind.
